Background: Rhesus and cynomologus macaques are valuable animal models for the study of human immunodeficiency virus (HIV) prevention strategies. However, for such studies focused on the vaginal route of infection, differences in vaginal environment may have deterministic impact on the outcome of such prevention, providing the rationale for this study.
| INTRODUCTION
Worldwide, an estimated 38.8 million people currently live with HIV. 1 In the United States alone, approximately 1 million people are infected with HIV, and an estimated 14% of these individuals are undiagnosed. 1, 2 Vaginal acquisition represents the major portal of entry for HIV infection, and as such, is the focus of many studies seeking to prevent the sexual transmission of HIV. [3] [4] [5] [6] [7] [8] [9] Rhesus (Macaca mulatta)
and Cynomolgus (Macaca fascicularis) macaques are valuable models for evaluating the safety and efficacy of HIV prevention strategies because of similarities to humans in their susceptibility to infection with simian immunodeficiency virus (SIV) or chimeric simian/human immunodeficiency virus (SHIV), and the gradual development of disease similar to that seen in human HIV infection. 10 However, susceptibility to vaginal HIV acquisition is heavily influenced by multiple factors, including mucosal host defenses, the presence of local infections, pH, inflammation, hormonal changes, and the resident microbiota. [11] [12] [13] [14] [15] In this study, we conducted a comparative evaluation of the vaginal environment of rhesus and cynomolgus macaques via the evaluation of Nugent Scores and vaginal pH to determine if there is a significant species difference in these parameters. Nugent
Scores represent a rapid test of the overall microbiota and are calculated on a scale of 0-10 with lower scores (0-3) indicating a healthy vagina, and higher scores (7) (8) (9) (10) indicative of bacterial vaginosis, characterized by a reduced population of acid-producing
Lactobacillus spp, and greater proportions of Gram-negative and
Gram-variable bacteria such as Mobiluncus, Bacteroides, Gardnerella, and Mycoplasma spp. 16 This condition has consistently been accompanied by an increased vaginal pH and has been shown to increase susceptibility to vaginal acquisition of HIV. 14, 17, 18 We compared these known human risk factors in both species to better define the respective non-human primate models for prevention of vaginal acquisition of HIV in women. In addition, we sought to colonize rhesus and cynomolgus macaque vaginas with Lactobacillus rhamnosus, a facultative anaerobe commonly found in the healthy female genital tract, and used as a probiotic for the treatment of BV. 19 We monitored the longevity of L. rhamnosus and its effect on vaginal pH in each model. We submit that these data will allow for a better definition of vaginal challenge studies in the context of vaccine and microbicide evaluations using these non-human primate models.
| METHODS AND MATERIALS

| Humane care guidelines
All animals used in this study were housed at the Yerkes National 
| Lactobacillus growth conditions and inoculations
Lactobacillus casei var rhamnosus GR-1 (L. Rhamn. ATCC 55826) was 
| Study animals and experimental design
| L. Rhamn inoculation
For L. rhamn inoculation, five cynomolgus macaques and twenty rhesus macaques were used. The CMs were tested first with three consecutive strategies:
1. The monkey's perianal area was cleaned with gauze saturated with sterile saline solution, and the vaginal mucus was removed with 1-ml syringe. The monkey's vagina was then inoculated with 1 ml DPBS containing 1~2×10 10 CFU/ml L. rhamn in 20 mg/ ml glycogen with a 1-ml needleless syringe. Animals were maintained in a supine position for 5 minutes before returning to their cage. This procedure was repeated once a week for 4 weeks, but the week of menses was skipped. Swabs were collected before inoculations for vaginal pH and Nugent Scores.
2.
Ten weeks after the last inoculation, after perianal cleaning, the CM's vaginas were flushed with 10 ml 1% lactic acid, pH=3.8 (prepared from Sigma-Aldrich, Cat# 252476, ACS reagent, ≥85%) right before inoculation of 1 ml of freshly prepared 1-2× 10 10 CFU L. rhamn weekly for 5 weeks. Samples were collected as described above.
3.
Ten weeks later, the five CM's vaginas were pre-treated with 2 ml of a suspension of 40 mg/ml erythromycin one day before L. rhamn inoculation. The next day, the vaginal vaults were flushed with 10 ml 1% lactic acid (pH3.8) right before inoculation of 1.5~ 2 ml 1~2× 10 10 CFU/ml L. rhamn. Swab samples were collected until 16 weeks after this inoculation.
Twenty SPF rhesus macaques were inoculated with L. rhamn according to the third strategy, preceded by vaginal erythromycin treatment followed one day later by a 10 ml 1% lactic acid flush as described above and inoculation of 1.5-2 ml 1-2× 10 10 CFU/ml L. rhamn. Swab samples were collected weekly for 7 weeks.
| Determination of vaginal pH
The macaques' vaginal pH was determined by EMD Millipore MColor pHast™ pH Test Strips and Indicator Papers (pH 0-6 and 5-10, Cat# 1095310007 and1095330001 respectively, Billerica, MA). In brief, a sterile cotton-tip applicator was inserted into the vagina, turned over 2 times, and then rolled onto pH test strips. The pH values were determined by two observers. 
| Nugent score determinations and calculations
| Statistics
Differences between CM and RM vaginal pH and Nugent scores before and after L. rhamn inoculation were analyzed by unpaired two-tail t test in GraphPad Prism.
| RESULTS
The average baseline Nugent score of the RMs was 8.36±0.26, while the average Nugent score of the CMs was 9.11±0.12 (P=.0072).
These Nugent scores are indicative of bacterial vaginosis. 21 with a similar but non-significant trend for the subsequent time points.
In our second attempt to inoculate CMs, the monkey vaginal vault was flushed with 10 ml of a 1% lactic acid solution (pH3.8) in an effort to reduce and inhibit the pre-existing microflora prior to inoculation of L. rhamn, at weekly intervals (Fig. 3) . This approach induced a slight but non-significant decrease in Nugent scores monitored weekly, but no evidence of colonization by L rhamn. Somewhat surprisingly, the vaginal pH showed no appreciable change or perhaps even a slight increase (Fig. 3B) . pH was also followed weekly after inoculation and showed statistically significant decreases in weeks 1, 2, 4, and 6 as seen in Fig. 5B . 
| DISCUSSION
A correlation between bacterial vaginosis and increased HIV acquisition in women has been well established. 17, 18 As macaques are used 
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A low vaginal pH, primarily determined by Lactobacillus production of lactic acid, inactivates HIV. 29 In this study, we confirmed that the average vaginal pH of both macaque species studied was higher than the average vaginal pH in women, likely due to the low number of acidproducing Lactobacillus spp. However, there was an additional species specific difference with RMs able to maintain a lower vaginal pH than Inc. did not contribute to this work or the interpretation of the data.
